METHOD AND APPARATUS FOR DETERMINING ZETA POTENTIAL USING 
ALTERNATING CURRENT ELECTRIC FIELD AND T CHANNEL 

RACKGROUND OF THE INVENTION 

This application claims the priority of Korean Patent Application I 
2003-4108. filed on January 21, 2003, in the Korean Intellectual Property Office, 
disclosure of which is incorporated herein in its entirety by reference. 



1 . Field of the Invention 

The present invention relates to a nnethod and apparatus for determining a 
zeta potential generated between a channel wall and a solution. 

2. Description of the Related Art 

When a glass microchannel or capillary is filled with an electrolyte solution, an 
electric double layer is formed at an interface between a liquid phase and a solid 
phase. If an electric field is applied tangentially to the electric double layer, an 
electric body force is exerted on the excess counter ions in the electric double layer, 
and thus an electroosmotic flow is generated. The electroosmotic flow is used as 
an Important driving force in miniaturized analysis chips such as Lab-On-a-Chip 
(LOG). For the case where there is no pressure gradient between both ends of a 
channel, the Debye-Huckel theory is applied, and the electric double layer is much 
less than the characteristic length scale of the channel, the rate of the electroosmotic 
flow (u) is represented by Helmholtz-Smoluchowski equation as Equation 1 : 

Equation 1 ; u = -( e I E)/ u , 

where e Is the dielectric constant of an electrolyte solution. I is the zeta 
potential at the electrolyte solution and the channel, uis the viscosity of the 
electrolyte solution, and E is the electric field. The dielectric constant and viscosity 
of the electrolyte solution, which are physical property values of the electrolyte 
solution, are given as constant values with respect to the electric field. In this 
regard, provided that the zeta potential is determined, the rate of the electroosmotic 
flow in a channel can be obtained from a linear relationship between the rate of the 
electroosmotic flow and the external electric field. The rate of the electroosmotic 
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flow serves as the most basic data for fluid control such as fluid separation and 

migration on the LOC. 

Conventionally, the zeta potential of protein particles or particles dispersed in 
the dispersion system is mainly detennined by measuring the mobility of particles. 
However, in order for the electroosmotic flow to be widely used as a driving force in 
miniaturized analysis chips, detemnination of the zeta potential generated between 
an electrolyte solution and a channel wall is required, rather than the determination 
of the zeta potential of particles. Methods of determining the zeta potential at a 
solid-solution interface are known in the art. 

For example, U.S. Patent No. 6,051,124 discloses a method of determining a 
zeta potential using a reflected laser beam. However, there is no mention to a 
solid. 

Also, a particle tracking method is widely used in conventional fluid flow 
experiments. As a result of observation of tracer particles seeded in a fluid for a 
15 predetermined time, a straight particle trajectory is visualized. Since the 
displacement of the tracer particles for a predetermined time is given, the flow rate 
can be calculated. Therefore, a zeta potential can be determined by using Equation 
1. However, tracer particles must be seeded to some degree in a zeta potential 
determining channel to ensure the zeta potential detennination. Also, in a case 
20 where the tracer particles are electrically charged, an electrophoretic mobility due to 
the charged particles must be considered. In addition, since the wall surface of the 
previously used channel may be contaminated by the tracer particles, it is difficult to 
reuse the channel for additional experiments. 

A zeta potential can also be determined by a current monitoring method 
25 based on the following principle [Anal. Chem. 1988. 60. 1837-1838]. When a 
capillary channel is filled with electrolytes with different concentrations and a voltage 
is applied to both ends of the channel, an electric current decreases or increases 
due to a change of the electrolyte concentration with time. When the distance 
between both ends of the channel is given and the time elapsed until there is no 
30 cun-ent change is measured, the rate of the electroosmotic flow can be calculated. 
Therefore, the zeta potential can be determined according to Equation 1 . Due to 
simple experiment equipments, this method has widely been used for determining 
the zeta potential. 
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Determination of a zeta potential by a stream potential method is based on 
the following principle [Journal of Colloid and Interface Science 226. 328-339. 2000]. 
When a pressure gradient is induced at both ends of an electroosmotic determining 
channel, ions of an electric double layer on the wall of the channel are displaced, 
thereby causing an electric potential difference between both ends of the channel. 
When a steady-state is reached, a constant electric potential is maintained. This 
electric potential difference is called streaming potential. In order to determine the 
zeta potential using the streaming potential, data such as electroconductivity and 
pressure difference are required. In particular, regression analysis using multiple 
data set obtained by varying the length of the channel is required. For this reason, 
such a streaming potential method is relatively accurate, unlike the particle tracking 
method and current monitoring method. However, as mentioned above, because 
multiple data set for the regression analysis must be determined by previous 
experiments, the streaming potential method is not suitable for rapid measurement. 
Also, more experiment equipments to be attached to both ends of the channel are 
required, when compared to the above-described two methods. 



IMMARY OF THE INVENTION 
The present invention provides a method of determining a zeta potential 

20 without using tracer particles. 

The present invention also provides an apparatus for determining a zeta 
potential generated between a solid wall and a solution without using tracer particles. 

According to an aspect of the present invention, there is provided a method 
for determining a zeta potential generated between a channel wall and a fluid, the 
method comprising: (a) injecting an electrolyte solution into a first inlet of a T channel, 
which is provided with first and second inlet electrodes and a grounded outlet 
electrode, and a mixed solution of the electrolyte solution and a fluorescent dye into 
a second channel of the T channel and maintaining a steady-state of the two 
solutions; (b) applying a direct current electric field from the first and second 
electrodes to the outlet electrode to form an interface between the electrolyte 
solution and the mixed solution; (c) applying an altemating current electric field from 
one of the two inlet electrodes to the outlet electrode to oscillate the interface; and 
(d) measuring an amplitude of oscillation of the interface and determining the zeta 
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potential from the standard relationship between the zeta potential and the 
amplitude. 

According to another aspect of the present invention, there is provided an 
apparatus for determining a zeta potential generated between a channel wall and a 

5 fluid, the apparatus comprising: (a) a T channel comprising first and second inlets 
and an outlet; (b) first and second inlet electrodes and an outlet electrode, which are 
installed at the first and second inlets, and the outlet, respectively; (c) electric field 
application means for applying an electric field between the first inlet electrode and 
the outlet electrode and between the second inlet electrode and the outlet electrode; 

10 (d) two reservoirs, one of which is connected to the first inlet to feed an electrolyte 
solution and the other is connected to the second inlet to feed a mixed solution of the 
electrolyte solution and a fluorescent dye; and (e) means for measuring an amplitude 
of oscillation of an interface between the electrolyte solution and the mixed solution. 

^5 BRIEF DESCRIPTION OF T HE DRAWINGS 

The above and other features and advantages of the present invention will 
become more apparent by describing in detail exemplary embodiments thereof with 
reference to the attached drawings in which: 

FIG. 1 is a view of an example of a waveform at an interface between two 
20 solutions in a T channel, according to the present invention; 

FIGS. 2A through 20 are views of waveforms at the interface which changes 
according to an alternating current electric field application duration; and 

FIG. 3 Is a graph showing the relationship between the zeta potential of a 
channel wall and the amplitude of oscillation of the interface. 
25 Fig. 4A is a view showing consecutive images of 1mM NaCI solution 

oscillating at 1 Hz in the T channel, according to the present invention; and 

Fig. 4B is a plot of fluorescence intensity versus position of the 1mM NaCI 
solution oscillating at 1 Hz in the T channel, according to the present invention. 
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nFTAU ED DESCRIPTION OF THE INVENTION 
In a zeta potential determining method according to the present invention, the 
amplitude of oscillation of an interface between a T channel and a solution can be 
measured by a fluorescence microscope, for example. A direct current (DC) 
electric field may vary depending on the length and physical properties of the 
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channel but preferably ranges from 100 to 2.000 V/cm. The magnitude ( e ) of the 
altemating current (AC) electric field, which is applied from one of two inlet 
electrodes to a grounded outlet electrode, may vary depending on the width of the 
channel. Although a larger amplitude is preferable for an easy amplitude 
measurement, the amplitude measurement is impossible in a case where the 
amplitude exceeds the width of the channel. When the widths of an inlet, an outlet, 
and a channel portion are the same, about 100 pm, the AC electric field magnitude 
( E ) of 0.3 dl or less is preferable, but is not limited thereto. The frequency (f) of an 
AC electric field can be appropriately adjusted according to an image measuring 
speed of an amplitude measuring device, for example a CCD camera. Preferably, 
the frequency (f) is in the range of 1 to 10 Hz. The channel used in the present 
invention comprises two inlets and an outlet. The size and the shape of the channel 
are not particularly limited and may vary depending on the channel wall for amplitude 
measurement and the electrolyte solution. For example, the channel may be of a 
rectangular pillar form with a width of 1 to 1.000 m and a height of 1 to 5.000 /rni. 
The wall of the channel may be made of quartz, glass. Si, SiOz. PDMS. and PMMA. 
In addition, a plastic material may be used. The flow rate of the electrolyte solution 
and the mixed solution may vary depending on the applied AC electric field and the 
zeta potential, but preferably ranges from 100 to 1,000 ^sec. The electrolyte 
solution may be a conventional electrolyte solution such as a NaCl solution. The 
fluorescent dye may also be a conventional fluorescent dye such as rhodamine and 
FITC. 

Preferably, the amplitude measuring means is a fluorescence microscope. 

Hereinafter, the present invention will be described in more detail with 
reference to FIG. 1 showing an example of a waveform at the interface between the 
T channel and the solution, but is not limited thereto. 

First, an electrolyte solution is injected into one of two inlets 2 and 4 (for 
example, the inlet 4) and a mixed solution of a fluorescent dye and the electrolyte 
solution is injected into the other inlet (for example, the inlet 2). The injected 
electrolyte solution and mixed solution flow toward an outlet 6 through a channel 
portion in which the two solutions are merged (simply referred to as "merged 
channel", hereinafter). The flow of the two solutions continues until a steady-state 
con-esponding to no pressure gradient over the entire section of the channel is 
reached. When a steady-state of the two solutions is reached, the same DC 



voltage (Vo) is applied from the two inlets to the outlet. At this time, an interface 
between the two solutions appears in the merged channel. Also, because the rate 
of an electroosmotic flow is very low and the size of the channel is very small, the 
solutions flow at a very low Reynolds number. As a result, the fluid property 
corresponds to the region where the Stokes number is about zero. The interface in 
the merged channel is very distinct and has very small width, although there is more 
or less according to the diffusion coefficient of the electrolyte solution. Therefore, it 
is very easy to measure the amplitude of oscillation of the interface. 

Next, in order to oscillate the interface, an AC voltage with a constant s and f. 
is applied from one inlet 2 to the outlet. Here, e indicates the magnitude of an AC 
voltage and is in the range of 0 to 1 and f indicates the frequency of an AC voltage. 
The wavefomi at the Interface between the two solutions has a close relationship 
with e and f. In this case, the voltage of the channel portion to which an AC 
voltage is applied is expressed as V = Vo(1+ e sln(360ft)). Referring to FIG. 1. the 
interface 8 between the two solutions appears distinctly. The channel used in FIG. 
1 is a rectangular pillar-shaped channel with a width of 100 and a height of 50 nm, 
and e and f is 0.3 and 1 Hz, respectively. 

Hereinafter, the present invention will be described more specifically by 
examples. However, the following examples are provided only for illustrations and 
thus the present invention is not limited to or by them. 
Example 

Simulation was performed using a T channel with a size and a shape as 

shown in FIG. 1. 
Example 1 

In this simulation, there was used a rectangular pillar-shaped T channel with 
the total length of first and second inlet channels of 800 m, the length of a merged 
channel of 900 m, the width of each channel of 100 im, and the height of each 
channel of 50 m- An outlet of the merged channel was grounded. 

The simulation results are shown in FIGS. 1 through 3. FIG. 1 is a view of an 
example of a waveform at an interface that appears after application of an AC 
voltage. As shown in FIG. 1, the interface 8 was distinctly observed. FIGS. 2A 
through 2C are views of waveforms at the interface that changes according to an AC 
voltage application duration. In this case, a DC voltage of Vo was applied to the first 
inlet 2 and a DC and VC combined voltage of V = Vo(1+0.3sin(360t)) was applied to 
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the second inlet 4. The zeta potential was -50 mV and the time elapsed after 
application of an AC voltage was 7.0. 7.5. and 8.0 seconds, respectively. FIG. 3 is 
a graph showing an example of the standard relationship between the zeta potential 
and the amplitude of oscillation of the interface. In order to examine the standard 
5 relationship, the amplitude was measured with varying the zeta potential of the 
channel wall using the CFD-simulation. In this case, the largest amplitude at one 
cycle was selected. The CFD simulation was performed using a commercially 
available simulation program. CFD-ACE+(CFD Research Corporation. USA). The 
flow rate was 632 /zm/sec. an electrolyte solution was a 1M NaCI solution, and a 
10 fluorescent dye was rhodamine. 

As seen from FIG. 3. there exists a neariy linear relationship between the 
amplitude and the zeta potential. Therefore, the zeta potential can be determined 
by measuring the amplitude. 
Example 2 

The relationship between the oscillating amplitude and the zeta potential was 
numerically investigated in Example 1. In this example, an experiment was 
performed to check the accuracy of the simulation results of Example 1 . 

The T channel had the same dimensions with the channel used in Example 1 
except that the outlet channel had a length of 0.7 cm and the two inlet channels had 
a length of 1 cm. The magnitude of Vo was 600V and e was 0.5, i.e., V = 
600(1 +0.5sin(360t)). The amplitude of merged layer oscillating at the channel 
junction depends on the frequency of applied electric field. 

NaCI solution in the concentration of 1mM and 10mM was used. The zeta 
potential in the two cases was measured using a commercially available zeta 
potential measuring device. ELS-8000 (OTSUKA Electronics, Japan). This piece of 
equipment (OTSUKA Electronics, Japan) determines the zeta potential using the 
stream potential method {Journal of Colloid and Interface Science 226. 328-339. 
2000). The measured zeta potential of the 1mM and 10mM NaCI solution was 
-53.9mV and -34.9mV, respectively. 

This experiment demonstrates qualitatively that the zeta potential of the 1mM 
and 10mM NaCI solution can be also determined by the present method as 
explained below. 

To investigate the behavior of oscillating electroosmotic flow, consecutive 
images of the 1mM NaCI solution oscillating at 1 Hz have been taken. The images 
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are shown in FIG. 4A. The consecutive images in FIG. 4A show the maximum and 
minimum of the oscillating amplitude. The period between the maximum and the 
minimum oscillating amplitude is 0.5 sec which corresponds to the period of the 
externally applied electric field. This phenomenon can be explained by the small 
Reynolds number of the fluid flow in this experiment (Re<1). In this case, the 
inertia effect is negligible, therefore, the system is linear and the flow has the same 
period as the applied electric field. 

Then, the oscillating behavior has been determined by measuring the time 
dependence of fluorescence intensity at specific positions from the inner wall of the 
T channel. The fluorescence intensity measured at particular positions at the left 
side within the T channel is as shown in FIG. 4A at the intervals where the amplitude 
reaches maximum and minimum values. The above measurement positions are 
located between a and b at the left side within the T channel as shown In Fig. 4A. 
The resultant fluorescence intensity profiles are shown in Fig. 4B. The intensity 
profile shows that the maximum and minimum values of the amplitude do not vary in 
time and the multiple intensity data for the maximum and minimum value of the 
amplitude can be obtained by one experiment. The position in the bottom of the Fig. 
4B conresponds to a distance from the lowest position (a) in Fig. 4A. 

The experiment was performed for the cases in a frequency range from 0.5 to 
2 Hz. Although we have not quantitatively characterized the relationship between 
the oscillating amplitude and the zeta potential of NaCI solution, the feasibility of the 
present method is validated by these experiments. 

It was impossible to obtain the apparent oscillating behavior for a frequency 
higher than 5 Hz. At this frequency, the oscillating behaviors look almost as that of 
a static electric field and the oscillating amplitude is too small to distinguish its 
maximum and minimum. 

Therefore, we can conclude that there exists a suitable frequency range to 
observe the oscillafing interface for a given electric field and T channel geometry. 
The frequency range must be specified before measuring the zeta potential using the 
present method. 

As apparent from the above description, according to the present invention, a 
zeta potential of a wide range can be detennined without using tracer particles and 
without contaminating the channel. 
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While the present Invention has been particulariy shown and described with 
reference to exemplary embodiments thereof, it will be understood by those of 
ordinary sl<ill in the art that various changes in forni and details may be made therein 
without departing from the spirit and scope of the present invention as defined by the 
5 following claims. 
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